Oral submucous fibrosis (OSMF) is a chronic, potentially malignant condition of the oral mucosa and the habitual chewing of areca nut is believed to be the most potent etiological factor. The role of reactive oxygen species (ROS), epithelial-mesenchymal transition (EMT) and various cytokines and growth factors has been established in recent studies. The components of areca nut particularly, arecoline, flavonoids and copper have been found to affect fibroblasts, endothelial and epithelial cells through various biological pathways which are either downregulated or up-regulated during different stages of the disease. However, the underlying molecular pathogenesis of OSMF is still partially understood.
Oral submucous fibrosis (OSMF) is a chronic, progressive, potentially malignant condition of the oral cavity that predominantly affects people of South-East Asian origin 1 . It is characterized by a juxtaepithelial inflammatory reaction followed by fibroelastic change in the lamina propria and epithelial atrophy 2 which leads to stiffness of the oral mucosa, trismus and inability to eat. It affects most parts of the oral cavity and may extend over time to include the pharynx and the upper third of esophagus 2 .
Several published reports on OSMF elucidate its geographic distribution together with data on percentage prevalence. Estimates of OSMF in 1996 reveal that 2.5 million people are affected globally, with most cases concentrated in the Indian subcontinent, especially Southern India 3 . In India, OSMF cases have increased dramatically from an estimated 250,000 cases in 1980 to 14 million cases in 2010 4 . Epidemiological studies have reported the prevalence of OSMF to be 6.42 per 1000 [5] , the male to female ratio, 4.9:1 5 and the malignant transformation of OSMF as 2.3-7.6% in the Indian context 6 .
Etiology
The pathogenesis of the disease is considered to be multifactorial. Areca nut chewing, ingestion of chillies, nutritional deficiencies, genetic and immunological processes [7] are the potential etiological factors. The chewing of betel quid which contains areca nut, tobacco and slaked lime, has been recognized as one of the most important risk factors for OSMF 8, 9 . Areca nut is composed of alkaloids, flavonoids and trace elements. Four alkaloids have been identified in areca nut: arecoline, arecaidine, guvacine and guvacoline of which arecoline is the most potent agent 10 . Flavonoid components such as tannins and catechins directly affect collagen metabolism 7, 11 .
Globally, 600 million people are estimated to be areca nut chewers 12 . Though, only 1-2% of areca nut users may ensue the disease 13 . This shows a clear genetic susceptibility. The development of OSMF even in the absence of intraoral influences suggests the role of other factors including genetic predisposition and an increased frequency of human leukocyte antigens (HLA) 14 .
Polymorphism of genes such as Cytochrome P450 3A, may also contribute to an increased susceptibility to OSMF 15 . Xenobiotic metabolizing enzymes process most of the carcinogenic moieties in 2 broad steps: phase I which is mediated by cytochrome P450 (CYPs) and phase II which is catalyzed by glutathione s-transferases (GSTs) 16 . The expression of CYP enzymes i.e., CYP1A1 and CYP2E1, is altered as a result of polymorphisms which can influence an individual's genetic susceptibility to cancer 17 . On the other hand, GSTs prevent the initiation of the carcinogenic process by inactivating or detoxifying electrophilic carcinogens. Among the GSTs, polymorphisms in GSTM1 and GSTT1 result in a complete loss of functional activity 16 . Studies have also revealed that polymorphisms at N-acetyltransferase 2 (NAT2) locus can increase the risk of OSMF in men if exposed to areca nut 18 .
Histopathological features
OSMF is characterized by juxtaepithelial inflammation together with marked edema, fibroblasts and an inflammatory cell infiltrate consisting of neutrophils and eosinophils 19 . Collagen bundles with early hyalinization and more chronic cell types such as lymphocytes and plasma cells are seen in the later stages of the disease. The epithelial lining frequently becomes thin and hyperkeratotic. Formation of thick collagen bands and hyalinization extending into the submucosal tissues, decreased vascularity and muscle degeneration is seen in advanced stages of the disease 19 .
Histopathological evidence shows stagespecific alterations in the extracellular matrix (ECM). At the onset of the disease, tenascin, perlecan, fibronectin and collagen type III are found to be manifested in the lamina propria and submucosa whereas extensive and irregular deposits of elastin are found around muscle fibers in the intermediate stage, along with the above molecules. Collagen type I appears to dominate the ECM in the advanced stages. Their gene expression levels varied with the progression of fibrosis. Difficulty in opening the mouth may be related to loss of various ECM molecules such as elastin and replacement of muscle by collagen type I 20 .
OSMF as collagen metabolism disorder
The pathogenesis of OSMF involves disruption of collagen metabolism by components of areca nut. The alkaloids and flavonoid components are assimilated and undergo metabolism as a result of persistent contact between betel quid and oral mucosa. Alkaloids stimulate fibroblasts to produce collagen whereas flavonoids inhibit collagenase. As a result, there is increase in collagen production along with decrease in collagen degradation. In addition, there is significant amount of copper in areca nut which up-regulates lysyl oxidase, an enzyme that is involved in cross-linking of collagen. This process renders collagen fibrils resistant to collagenase egradation 21 . For this reason, OSMF can be regarded as a collagenmetabolic disorder 22 .
Collagen production pathway involves three main events which are upregulated in OSMF: 1. Activation of procollagen genes 2. Elevation of procollagen proteinase levels: (a) procollagen C-proteinase (PCP) / bone morphogenic protein 1 (BMP1) and (b) procollagen N-proteinase (PNP) 3. Up-regulation of lysyl oxidase (LOX) activity Collagen degradation pathway involves: i.•Activation of tissue inhibitor of matrix metalloproteinase gene (TIMPs) ii. Activation of plasminogen activator inhibitor (PAI) gene.
Polymorphisms of collagen-related genes revealed that single nucleotide polymorphisms (SNPs) of transforming growth factor ß-1 (TGFß-1) gene has a consequential association with OSMF 23 . Association of SNP in the matrix metalloproteinase-3 (MMP-3) promoter region with the 5A alleles has an increased risk for developing the disease while SNPs in the MMP-2 and MMP-9 promoter region is not associated with susceptibility to OSMF 24, 25 .
Molecular pathogenesis of Oral Submucous Fibrosis
There are several biological pathways that are involved in the pathogenesis of OSMF. It is likely that the normal regulatory mechanisms are either down regulated or up regulated during different stages of the disease (figure 1).
Ultimately, the following cell types are affected through these pathways, namely, fibroblasts, endothelial cells and epithelial cells. ROS activation, damage to cellular targets like DNA, protein, lipid after metabolic activation of the areca nut components by phase 1 enzymes (e.g., cytochrome P450s), the cytotoxic effects of areca nut constituents, keratinocyte inflammation and oncogene activation are considered to be the promoting factors 26 .
Reactive oxygen species (ROS)
They are generated in considerable amounts during chewing of areca nut by autooxidation in saliva or via intracellular metabolic activation 27 . This has been proved both in vitro 28, 29 and in vivo 30 . Receptors, receptor-activated protein kinases and nuclear transcription factors, such as growth factor receptors, Janus kinase (JAK), SRC kinase, RAS signaling, mitogen-activated protein kinases (MAPKs), phosphoinositide3kinase (PI3K)/protein kinase B (AKT) pathway, and nuclear factor-?ß (NF-?ß) 26 are activated by ROS. Both MAPK and NF-?ß pathways involved in EMT are stimulated by ROS. As a result of that, exposure to areca nut causes alterations in normal keratinocyte morphology, cell cycle arrest and senescence-associated phenotypes. It is observed that both ROS and hypoxia-inducible factor 1a (HIF-1a) are essential for hypoxia-induced TGFß1 up-regulation 31 . Arecoline is also found to elevate HIF-1a mRNA expression in a dose-dependent manner 32 . Also, HIF-1a has been implicated as a major regulator of autophagy under hypoxic conditions. Alternatively, oxidative stress may activate autophagic reaction. Elevated levels of HIF-1a have been found in OSMF patients, which may contribute to the advancement of the disease, indicating that autophagy is expected to be induced in OSMF 33 .
Cytokines and growth factors
Arecoline causes up-regulation of an array of cytokines and growth factors namely, TGFß, connective tissue growth factor (CTGF), transglutaminase-2 (TGM2), b-fibroblast growth factor (bFGF), insulin-like growth factor (IGF), thrombospondin-1 (THBS1), secreted phosphoprotein-1 (SPP1), tazarotene-induced gene-1 (TIG1) and down-regulation of bone morphogenic protein-7 (BMP7) which is a negative modulator of fibrosis [34] . TGFß is a strong stimulator of production and deposition of extracellular matrix, increased collagen production and decreased matrix degradation pathways 22, 35 . Loss of adipose tissue in OSMF is due to the ability of TGF ß to cause lipodystrophy. Level of TGF ß secretion is more during the early stages of the disease 36 . It activates pro-collagen genes resulting in production of more pro-collagen and induces the secretion of PCP and PNP, both of which are required for conversion of pro-collagen to collagen fibrils. It also triggers the gene for TIMP and PAI causing a decrease in collagen degradation 22 . Studies have revealed that keratinocytes secrete TGF ß through avß6 integrin expression 37 . Same authors have illustrated loss of TGF ß expression using the drug tropicamide that blocks avß6 integrin confirming that OSMF is an epithelial driven connective tissue disease 37 . Treatment of keratinocytes by catechin, tannin and alkaloids resulted in phosphorylation of SMAD-2, hence it is stated that areca nut mediated activation of p-SMAD-2 involves up-regulation and activation of TGF ß 38 ( figure 2) .
A recent study has demonstrated activation of TGF-ß signaling with sub-cytotoxic dose of areca nut in epithelial cells and has recognized an important role of c-Jun N-terminal kinases (pJNK) in this process 39 . Calcium is released and calmodulin-dependent protein kinase (CAMKII) is activated as a result of action of areca nut on muscarinic acid receptors. It also induces intracellular ROS. CAMKII and ROS together activate JNK that phosphorylates activating transcription factor (ATF2) and c-Jun transcription factors which subsequently induce TGF-ß2 promoter. The translated TGF-ß protein can now activate the canonical SMAD signaling pathway and auto-induce TGF-ß and other targets in epithelial cells.
In OSMF, CTGF acts as a mediator of fibrosis. The coarse particles of areca nut causing physical microtrauma to the oral mucosa results in production of CTGF by fibroblasts at the sites of injury. CTGF has shown to induce collagen synthesis in both TGFß1-dependent and TGFß1independent manner. CTGF and TGFß1 when acting together produce a prolonged fibrotic response 40 . Deng et al have shown the expression of CTGF in OSMF fibroblasts and endothelial cells in all the OSMF cases in their study 41 . The in vitro data have shown that arecoline stimulated CTGF production in buccal mucosal fibroblasts through generation of ROS, and by the activation of NF-kappa B, JNK and p38 MAPK pathways. Epigallocatechin-3-gallate (EGCG) in turn can completely block TGFß1 induced CCN2 synthesis by suppressing JNK and p38 in buccal mucosal fibroblasts, which may be useful in controlling OSMF 42 .
During the onset of disease, b-FGF is increased in fibroblasts and endothelial cells and in advanced fibrosis, it is found to be more in stroma 43 . A significant association of FGF-2 and FGFR-2 expression with malignant transformation from OSMF to oral squamous cell carcinoma (OSCC) was observed both at phenotypic and molecular level. IGF-1 expression is up-regulated in OSMF both at m-RNA and protein levels and arecoline is accountable for this increase in a dose-dependent manner 44 . It is reported that the homozygous wild genotype tumor necrosis factor a2 (TNF-a2) is associated with an increased risk of OSMF and the mutant allele TNF-a2 is about 7 times more effective in promoter function than the wild allele 45 .
BMP7 has been reported to be a negative modulator of ECM production (collagen production and fibrosis) induced by TGF ß 46 . It has been shown that the role of BMP7 in prevention or reversal of fibrosis is due to the reduction of pSMAD2 accumulation in the nucleus in renal and pulmonary fibrosis 46, 47 . BMP-7 binds to several receptors (activinA receptor type I and BMP receptors type 1A and 1B) to activate SMAD1 and SMAD5 and thereby suppress renal fibrosis by inhibiting SMAD3-dependent gene transcription as well as SMAD-independent pathways, including p38 and extracellular signal-regulated protein kinase (ERK) 48 . The exact mechanism of its action in OSMF remains to be studied.
Mast cells (MC) produce and store various profibrotic cytokines including TGF ß, fibroblast growth factor (FGF), platelet derived growth factor (PDGF), interleukin 1 and 6 (IL-1 & IL-6), and TNF-a. A recent study has shown that altered balance in the subepithelial and deep distribution of tryptase and chymase positive MCs play an important role in the pathogenesis of OSF and its malignant transformation 49 .
Regulation of MMPs & TIMPs
MMPs are a group of structurally related zinc-dependent endopeptidases and have the ability to degrade all components of ECM. To achieve balanced collagen metabolism, it is essential to maintain equilibrium between MMPs and TIMPs. In OSMF, this equilibrium is disturbed that it ultimately results in increased deposition of ECM. MMP1 is the main human enzyme that degrades fibrillar collagen and its down-regulation leads to a reduction in collagen degradation. Several studies have reported decreased expression of MMP-1 in OSMF. TIMPs are specific endogenous inhibitors of MMPs. TGFß activates TIMP gene and their increased expression in OSMF is responsible for inhibition of collagenase and decrease in collagen degradation 50 . Arecoline increases the production of TIMP-1 which influences deposition of ECM and the effect is enhanced when fibroblasts are co-cultured with keratinocytes 51 . Chang et al found that arecoline acted not only as an inhibitor of gelatinolytic activity of MMP-2, but also as a stimulator for TIMP1 activity in OSMF 52 . They concluded that MMPs transcription activity might be associated with genesis of OSMF in younger areca nut chewers. Chaudhary et al assessed the association of SNP in the MMP-3 and MMP-1 promoter region of OSMF and suggested that expression of MMP-3 genotype associated with the 5A alleles and MMP-1 genotype associated with 2G alleles may have an important role in the susceptibility of the patients to develop OSMF 53, 54 .
Polyphenols
Other components of areca nut, such as catechin, flavonoids, flavan-3:4-diols, leucocyanidins, hexa hydroxy flavans and tannins cause collagen fibers to crosslink thereby making them less susceptible to collagenase degradation. This results in decrease in collagen breakdown which ultimately leads to increased fibrosis 55 . Also, the collagenase activity has been shown to be inhibited by flavonoids 56 . Several trace elements like sodium, magnesium, chlorine calcium, vanadium, manganese, copper and bromine are present in areca nut 57 . High copper content has been previously reported in saliva 58 and serum 59, 60 of areca nut users and OSMF patients. Copper causes up-regulation of LOX enzyme which plays an important role in cross-linking of collagen 61 . Copper along with combination of alkaloids may induce cytotoxicity of epithelial cells which can lead to epithelial atrophy, a hallmark of OSMF. When copper (II) combines with arecoline, it leads to the formation of arecolinecopper complex in which arecoline gets oxidized resulting in reduction of copper (II) to copper (I). Reduced copper (I) in turn donates an electron to oxygen leading to the formation of superoxide radical. This superoxide radical could possibly be responsible for DNA cleavage which could generate an apoptotic response in the cell 62 .
Epithelial mesenchymal transition (EMT)
It is a process defined by conversion of epithelial cells into migratory mesenchymal cells and the most common characteristic associated with EMT is the loss of E-cadherin expression 63 . Snail (SNAI1), Slug (SNAI2), zinc ?nger E-box binding homeobox 1 (ZEB-1), and Twist are E-cadherin transcriptional repressors which are found to be involved in promoting EMT 63 . The expression of ZEB1, which is a well-known transcriptional factor in EMT, as well as the myo?broblast marker a-smooth muscle actin (a-SMA), were found to be signi?cantly increased in OSMF tissues 64 . Twist which functions as a transcription repressor to activate EMT traits by repressing the expression of epithelial marker E-cadherin, is found to be upregulated in OSMF tissues 65 . S100A4, a member of the calcium-binding proteins, is dramatically elevated in a variety of fibrotic diseases, has been shown to be significantly up-regulated in OSF specimens 66 . Stage-specific embryonic antigen-4 (SSEA-4), a sialyl-glycolipid, is frequently overexpressed in cancer cells and cancer stem cells. Studies have demonstrated a significantly higher expression of SSEA-4 in areca quid chewingassociated OSF tissues 67 . STRO-1, a mesenchymal stem cell marker, confers myofibroblast transdifferentiation in fibroblasts derived from OSMF tissues 68 .
Pant et al have proposed a model on the role of areca nut and TGFß in OSMF progression. Areca nut induces and activates TGF-ß in epithelial cells which can act together on the fibroblast cells invoking a possible EMT in the initiation of OSMF. It also induces expression of other pro-fibrotic cytokines (Endothelin and CTGF). These cytokines can further enhance the fibrotic response and aid in conversion of fibroblasts to myofibroblasts expressing ?SMA and aSMA markers. Myofibroblasts facilitate matrix accumulation by increasing collagen production, decreasing collagen degradation and promoting abnormal cross-linking 69 . Areca nut and TGFß can influence expression of cytoskeletal reorganizing protein LIM domain kinase 1 (LIMK1). Collagen maturation and stabilizing enzymes (BMP1 and Procollagen-Lysine, 2-Oxoglutarate 5-Dioxygenase 2 [PLOD2] respectively) can also be induced by areca nut along with TGFß 69 .
It has been documented that the Senescence associated secretory phenotype (SASP) can promote malignant phenotypes and induce an epithelial-to-mesenchyme transition leading to the development of invasive carcinoma and this is mainly due to the SASP component factors interleukin-6 (IL-6), interleukin-8 (IL-8) and growth-related oncogene-a (GRO-a) 70 . Another study has demonstrated that areca nut alkaloids induce senescence in oral fibroblasts and promote increased secretion of TGF-ß and MMP-2 that may develop a tissue environment crucial for the progression of OSMF to malignancy 71 .
Reduced vascularity
Growth factors and cytokines along with increased amount of ROS and DNA double strand breaks (DDBs), produced as a result of cell injury induced by areca nut, suppress endothelial cell proliferation. The alteration of specific cell cycle regulatory proteins is possibly due to the antiproliferative and cytotoxic effects of arecoline. Therefore, the resulting endothelial cell damage leads to impaired vascular function, contributing to the pathogenesis of OSMF 72 . Loss of vascularity may lead to atrophy of the epithelium and the resulting hypoxic environment may predispose the tissue to carcinogenesis.
Mechanism of ECM remodeling
TGM-2 plays a central role in crosslinking extracellular collagen and fibronectin, making them more reluctant to breakdown and contributing to fibrosis by ECM accumulation. Studies have shown that TGM-2 expression is upregulated in OSMF tissues which is mediated by ROS generation 73 . Heat shock protein (HSP) 47/ colligin, a stress protein which acts as a chaperone for collagen, is also up-regulated in OSMF 74 . Cystatin C, a non-glycosylated basic protein, is found to be up-regulated both at mRNA and protein levels in OSMF and arecoline is responsible for this up-regulation in a dose dependent manner 75 . Malondialdehyde (MDA), a lipid peroxidation endproduct with the potential to stimulate fibroblasts and increase collagen production. MDA level is elevated as the grading of OSMF progressed 76 .
COnCluSIOn
OSMF remains an enigmatic disease with an imprecisely explored molecular pathogenesis. Though the roles of TGFß, EMT, ROS and MMPs are established, the exact pathogenesis remains unexplored. Elucidation of pathways involved in OSMF may enable development of effective management strategies and preventing its subsequent conversion to OSCC. Finally, creating awareness across the section of society about the consequence of OSMF and avoiding the use of areca nut permanently would go a long way to save the people from oral cancer. Efforts on this line would be rewarding but people would not give up their habits unless use of areca nut is totally banned. For long term major gains, some sacrifice is ardently warranted. This issue needs due deliberation both at the level of policy makers and with people who are involved in dealing with human health care system. 
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